


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1967-06 


Investigations in the vacuum ultraviolet using 
a grazing incidence spectrograph. 


Kaufman, Larry Edward 


Monterey, California. U.S. Naval Postgraduate School 
http://ndl.handle.net/10945/12508 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


NPS ARCHIVE 


1967 
KAUFMAN, L. 





INVESTIGATIONS IN TIRE VACUUM ULTRAVIOLET 
USING A GRAZING INCIDENCE SPECTROGRAPH 


LARRY EDWARD KAUFMAN 


? {Beck ¥ 
AV POSTURADUATS SCHOOL 


* 

















INVESTIGATIONS IN THE VACUUM ULTRAVIOLET 


USING A GRAZING INCIDENCE SPECTROGRAPH 


by 


Larry Edward Kaufman 
Lieutenant, United States Navy 
B8.S., Naval Academy, 1958 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER UF SUDBNGE IN PHYSILS 
from the 


NAVAL POSTGRADUATE SCHOOL 
June 1967 


ABSTRACT 

A grazing incidence vacuum spectrograph has been used for 
studies on high temperature plasmas and to investigate the Tung- 
sten spectra produced by a vaCuum spark source. The spectrograph 
uses a concave grating which has a l-meter radius of curvature 
and 600 grooves per mm. Incident light strikes the grating at an 
angle of 8.15", and the diffracted light is collected on a film 
strip (15-inches long, 35 mm SWR film) which is held along the 
Rowland circle. 

Design and details of construction of the spectrograph and 
the vacuum spark source are presented. A total of 47 new Tung- 
sten lines were identified from the vacuum spark source using 


Aluminum and Tungsten electrodes. 
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ii Introduction 

A steady-state plasma system is in Operation at the Plasma 
Laboratory at the Naval Postgraduate School. Numerous probe 
measurement experiments have previagusly been conducted on the 
plasma system to determine the electron density and temperature. 
It was desirable to identify the impurities associated with the 
system and to determine the ionization states of the ionized atom. 
Since the most intense lines for three-and four-times ionized 
atoms occur in the vacuum ultraviolet region, the use for a 
grazing incidence spectrograph is necessary for their observation. 
A survey spectrograph had been built by R. L. Kelly, but focusing 
had not been completed. A vacuum spark light source was designed 
and built for use in focusing the spectrograph. 

This report describes the design, construction, and operating 
Parameters of the vacuum spark light source; the focusing, cali- 
bration, and optical considerations of the spectrograph; the 
identification of the impurities associated with the plasma 
system; and the identification of the spectra of Carbon, Aluminun, 
and Tungsten obtained from the vacuum spark source. 

Cus Vacuum Spark Source 

In this light source a gap of a few millimeters separates a 
pair of electrodes, which are held in a vacuum and which are con- 
nected to a capacitor charged to some tens of kilovolts. OS8reak- 
down is controlled by a spark-gap switch in the power supply 
console. The power supply (consisting of a thyratron circuit, a 
trigger circuit, and a charging circuit) is housed in a portable 


consOle, as shown in Figure 1. fhe thyratron circuit has a 


Variable output of up to 10 kilovolts. A 5C22 hydrogen-filled 
tayratron is hel@éat ground potential until a trigger pulse fires 
the thyratron. Jhe trigger circuit.employs a standard.EFP pentode 
With a variable input of 2 kilovolts; an output pulse with a rise 
time of less than 8 xs and pulse width of 2x107/ seconds is 
generated by this circuit. Jhe charging circuit consists of a 

low inductance, high voltage capacitor of 0.5 Mf connected to 

a 20 kilovolt variable power supply. 

The spark-gap switch is basically the same type as reported 
by Lupton fie) Figure 2 is an assembly drawing of the switch. 
The cathode and anode are made of cylindrical brass stock with 
the ends rounded to form hemispheres of 1% inch diameter. The 
trigger pin (which is connected to the thyratron circuit) is 
brought through the cathode in a teflon insulator. Ihe backstrap 
is spaced very closely to the electrodes, but is insulated from 
the anode by a Mylar sheet. IJhe function of this arrangement is 
to reduce erosion of the narrow arcing points where the holdoff 
voltage is established; the magnetic force caused by the load 
current flowing through the connecting backstrap during discharge 
repels the electric arc to the outward surface of the switch 
electrodes. 

The spark-gap switch is mounted on top of the Capacitor. 

The spacing between the brass electrodes of the spark-gap switch 
is set to determine the breakdown voltage. This gap setting can 
easily be varied to hold off any voltage up to the maximum input 
voltage of 20 kilovolts. For example, a spacing of 6 mm is 


SUT ficken wenhetld eff 18 kilovolts. 
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After the spark-gap switch has been set to hold off the 
desired voltage, the trigger circuit is actuated either by using 
a manual push button located on the front of the power supply, 
or by using a timer with a 15 second on/off cam. The activation 
of the trigger circuit permits the thyratron circuit to deliver 
a 10 kilovolt pulse to the trigger pin of the spark-gap switch 
as shown in Figure 2. This pulse ionizes the gas between the 
brass electrodes, reducing the effective gap of the electrades 
sufficiently for the switch to fire. 

The spatk-gap switch in the power supply console is connected 
electrically across a glass pipe T which is attached to the front 
of the spectrograph. fhe end plates for the glass T hold the 
electrodes, one of which is fixed and the other adjustable. The 
electrodes are under the same vacuum as the spectrograph so their 
gap setting must be made considerably less than that for the 
Spark-gap switch if the switch is to control the spark. For 
instance, at a pressure of 2 microns, the gap setting of the 
electrodes is only 2 mm with the spark-gap switch set for a 
breakdown voltage of 18 kilovolts. The voltage breakdown of 
the spark-gap switch provides the path for the voltage to appear 
across the glass electrode holder. The glass T electrode holder 
is shown with the portable power supply console in Figure l. 

An extremely low inductance is mandatory where high values 
of peak current are desired. The inductance of the circuit at a 
breakdown voltage of 15 kilovolts was found to be 1.20 micro- 
henrys, Qiving a ringing frequency of 206 kilocycles. The 


ringing frequency is shown in Figure 3. The inductance of the 


ligil 


0.5 Af Capacitor used ip the charging circuit was 0.025 micra- 
henrys. fhe circuit inductance is higher than anticipated, and 
may have to be reduced to obtain, larger spark currents. 
5... Spectrograph 
J djeeie Gay 

The theory of the concave grating has been discussed in 
detail by Beutler [2], by Mack, Stehn, and Edlen [3], with recent 
contributions by Namioka (4). Only the basic Rowland conditions 
Will be presented in this report. 

If a concave grating of radius P is tangent to a circle 
of diameter P , the spectrum will be focused in the circle if 
the entrance slit is also in the circle. More precisely, if @ 
hs the angke ai themoralinggebe tween eneanamiiad, tothe omnaikana 


and the incident light, with W the angle of diffraction, then: 


—_—_ 


dS - 

dn e-cosy (1) 
where s is the distance along the Rowland circle form the central 
image to the position me . spectral line of wavelength A. and 

e is the distance between the grooves of the grating. Figure 4 
shows a diagram of a vacuum grating spectrograph at grazing 


LiGeloenee.. 


For - =600 grooves/mm and wel meter: 


YW dN/ds 


0 16.7 A/mm 
70 Se, 
7 ieee 
80 2.50 
als: Caps a: 
82 Rs 


Upon integrating equation (1) we obtain: 


A= e(sine-smy) (2) 


Mz 


The distance from the center of the grating to a point on the 
Rowland circle is given by 2R cos bla as shown in Figure 4. 
Gratings are usually "blazed" in such a way as to throw 
most of the diffracted energy into a particular region of the 
spectrum. It has been shown by Wood (5 J that as much as 75% 
of the incident light can be directed into a particular order 
with a sharp blaze. Figure 5 shows the two ways in which the 
Dlaze angle can be used. The equation relating blaze wave- 


length to the angle of incidence is: 


+t h,= = SIN(Mt2K)- & GinG a 


£ 
mM 
where m is the order of diffraction, C? the angle of incidence, 
and & the blaze angle. The plus and minus signs result from 

the fact that the incident light may be brought to the grating 
at an angle on either side of the normal, as seen in Figure 5. 
The result is that the blaze direction is either @+2Q ar 


(0-20. With a blaze angle of 4° 45!: 


a +\glm=)) —Kg(m=i) 


a> 2760 A 2760 A 
10 2650 2755 
20 2505 aGie 
30 22a 2505 
40 1954 2255 
50 1587 1954 
60 1186 1570 
70 723 1164 
80 251 701 
81.5 184 6 34 


Only the arrangement utilizing @-2 is useful at grazing incid- 
ence. 
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The grating used in this research was a Bausch and Lomb 
Teplica, type 472, with a one meter radius of curvature and 600 
grooves per mm. The blaze angle of the grating was uo Bt) Wiican 
a blaze wavelength of 684A at tantanglesofwineitence of p15. 

3.2 Mechanical Considerations 

The decrease in reflection at normal incidence of all grating 
material necessitates the use of grazing incidence spectrographs 
for wavelength below 1LOOOA. At normal incidence, the best 
reflection for the range lLOOUA to 500A is shown by platinun, 
which has about 24 percent reflectance at 584A [6 J. Below 500A, 
reflectances at small angles aTe very poor, with a 1-3 percent 
reflectance for platinum at 303A [7]. At grazing incidence, most 
metals show good reflectivity. However, there is a short wave- 
length cut-off which depends on the angle of incidence, the light 
source, the detector, and other factors. The Naval Postgraduate 
school spectrograph is designed so that an angle of ineiaeaae of 
approximately 82° will cover the wavelength region from about 150A 
to 2250A on a 15 inch strip of film. Mechanical considerations 
set the angle of incidence at ams”. 

The basic features of the spectrograph are shown in Figure 6. 
It is made of non-magnetic materials because of its use in rather 
large magnetic fields. The slit assembly is held in a tube which 
1S Welded into the front plate. The grating and film holder are 
supported by a channel beam which is bolted to the front plate, 
as shown in Figure 7. 

The film holder consists of four plates of Aluminum which 


have been shaped on one edge to a diameter of one meter. “The 
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Plates are bolted together in pairs and spaced to accept 35 mm 
ied ili 

The slit assembly consists of three plates housed in a two- 
inch diameter brass tube. The front plate has a rectangular 
opening cOvered by stellite slit jaws that form the entrance 
slit. fhe second plate eliminates light which might reflect 
directly off the walls of the tube onto the film. The third 
plate consists of adjustable brass plates which control the 
aperture of the grating. The Rowland circle conditions and the 
positions of the slit, grating, and film holder can best be 
seen in Figures 6 and 7. 

The vacuum envelope consists of a 10-inch Aluminum tube 
which bolts to the front plate and which has a back plate 
bolted onto it. fo allow film loading in daylight.aichanging 
bag is fastened around the back plate. The back plate is re- 
moved inside the changing bag, the film is slid into the 
channel of the film holder, and the back plate is bolted on. 
The exposure time is controlled by a gate valve which also 
serves to isolate the spectrograph from the system being tested. 
The gate valve and the connection to the plasma system are shown 
Piet Toure oO. 
3.35 Focusing 

The adjustment and focusing of the grazing incidence 
spectrograph are dependent upon the accurate positioning of the 
Slit, grating, and film holder. With increasing angle of inci- 
dence, the astigmatism of the grating increases rapidly. Further, 


it becomes very important that the slit be parallel to the grooves 


iis 


of the grating to achieve good resolving power. The resolving 
power Of a grating will increase as the slit Width is decreased. 
However, it has been shown by Mack, Stehn, and Edlen fe], that 
the resolving power below about 200A is limited not by the grating, 
but rather by the finite slit width that must be used to avoid 
Clogging of the slit by the particles from a spark source. Slit 
Widths are therefore usually not less than about 4 microns. In 
order to obtain sufficient intensities, the entrance slit of the 
Naval Postgraduate School spectrograph was set at 15 microns for 
all survey work up to the present. Ihus, the resolving power of 
this spectrograph is not as high as can be achieved. 

To help in the positioning of the equipment, a template was 
used that matched the radius of the Rowland circle. Templates 
Can be made from either wood or cardboard, and both types were 
used in the focusing runs. Since the distances are known 
between the slit, grating, and the central image, the template 
Can be used toefix the WOUGNNBOS1 TION Mei wiemetio.. lihenevers 
readjustments Were necessary, the template was used to reposition 
the grating; since the slit mounting and film holder are non- 
adjustable after their initial positions are fixed, the grating 
provides the sole adjustment to the system. 

As much of the focusing as possihle was done in air, with 
two methods being used. [he Rowland circle can be extended, as 
shown in Figure 6, until the visible spectrum can be seen. The 
SPEctrograph can them be fecused foOretwoypoime’s on the circle, 
such as the central image and the visible Hg 5461A line. All 


thesother wavelengths will» then be in focwesto.a. first..appreaxi- 
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mation. fhe second method utilizes the short wavelength contin- 
uous spectrum of the mercury lamp to obtain the absorption 
spectrum of air. Sharp absorption lines indicate good focus 

at the long wavelength end of the spectrograph. If the film fits 
the focal curve of the camera holder correctly, this procedure 
also brings all shorter wavelengths into focus. An example of 
the absorption spectrum taken with the spectragraph is shown in 
Figure 9. 

The preliminary adjustments can be done in air, but the 
final adjustments must be done in a vacuum. All of the focusing 
runs were done at a pressure of 2-3 microns, using the vacuum 
spark with Carbon and Aluminum electrodes. The Aluminum spectrum 
adequately covers the entire region between 150A and 2250A, and 
Carbon gives lines that are easy to identify. Focus runs using 
200 sparks at 18 kilovolts gave spectra of good intensity. A 
total of 30 runs was necessary to focus the spectrograph. peSure 
10 shows the resolving power achieved when the spectrograph was 
in good adjustment. 

3.4 Calibration 

Many of the calibration calculations were done with the 
aid of the computer. A computer program was written from the 
grating equation, with the print-out including distances from 
an arbitrary reference point and the dispersion at given wave- 
lengths. The program is given in Appendix I. The position of 
lines were calculated relative te C IV. A 1548,.C III Nw 977, 
and C IV A 384 becuase of their prominence. The obvious Carbon 


and Oxygen lines were identified initially, with the computer 


ih 


program then being interpolated to position the remaining lines. 
The wavelengths and intensities were then compared with those 
Foundein the book@py Kelly [a |. 

In later work, a program uSing least square curve fitting 
with orthogonal polynomials was used [3 }. This program is 
discussed in Appendix II. Toa use this program, the film strip 
must be measured accurately with regard to position, The lines 
with known wavelength and position are used for the original 
abscissas, and the unknown line positions form the data card 
deck. The program computes the wavelength associated with the 
unknown line position and also computes theerror of the original 
abscissa points. When the pasition points are limited to cover 
only about 4OOA of the spectrum, the program is capable of 
computing wavelengths within = 0.2 A of the actual value with 
a few iterations. For greater accuracy, it is necessary to 
increase the number of original abscissa points, and ta disre- 
Gard all broad lines. It must be emphasized that either program 
can only be as accurate as the line positions, and erroneous line 
positions when recognized must be omitted. 

4. Observations and Results 
G.1 Vacuum Spark Source 

Runs using Carbon and Aluminum were conducted at a break- 
down voltage of 18 kilovolts with the spectrograph at a pressure 
of 2 microns. The exposure time was determined by the time 
necessary to apply 200 sparks to the system. Figure ll shows 


an exposure made with the vacyum spark source using Carbon 
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IDENTIFIED LINES USING CARBON AND ALUMINUM ELECTRODES 


IDENTIFICATION 


215.128 OV 
220.352 OIV 
238.467 Al VI 
243.760 Al vI 
253.506 Cely 


278.699 | Al V 
281.597 | ‘Al v 
Sisa7Gu) i 0 Lie 
307.248 | Al VI 
308.560 {| Al VI 


309.012 | Al VII 

309.596 | Al VI 

310,908 | Al VI 

312.241 | Al VI 

320.146 | Al IV (2x160.073) 


By) isl VAs, Ohi 
eo. Jha Al IV (2x161.686) 
384.032 Ce 
384.178 Cit 
419.620 C IV 


459.462 Comte] 
ia ele aye | Cw I 
476.934 Al VI (2x238.467) 
480.219 Al IV C3xleoeu7 3) 
485.058 Al IV (3x161.686) 


487.520 Al IV (2x243.760) 
499.462 Cele 


499.530 C II! 
507.391 Ein 
507.6835 Hert 
5082162 Gir 
519.012 TV (26259 . Se") 
525 oe) we 
538.256 By bol 
538.433 BP 


Soe 578 Lie 

607.480 O° LIE (2202-750) 

614.496 Al VI (2x307.248) 

617.120 Al VI (2x308.560) 
618.024 Al VII (2x309.012) 
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TABLE. lL. continued 


IDENTIFICATION 


el eel 2 fim ii 2~ 309 . 55/6) 
pz il2616 Alli (2x50. 908) 
624.482 Al. ViR@Zecell2 22 
Bae / oe OV 

640.292 Al VI (4x160.073) 


6466-744 Al VID Cialis. 65a.) 
2 52 2 Obit 
MUaeac 2 Oe ie 
yO Ale iele, QO lil 
mal 5. 850 ee BEL 


715.401 Al VI (3x238.467) 
718.484 BP td 

8.562 Beth 

| Slaps os 8 Al VI $x243- 76D 
Vac l1a C IV 6@6x259.. Sie) 


187.7 BE, 
7 oe Bh eles 
ie | Garza BI: By 
832.754 Bp det 
2 age) 7) Bijan Et) 
Bo 26 22D Cela 
833.742 By EL 
834.462 ait 
3) 3)s)- EN =: Bjeeieal I 
9558292 Go De 
858.0964 eal 
salar afl. Ew 
904.9590 Eel 1 
904.134 Cecil aL 
pile caw O Ti DRGsx203574nP 


921.744 Al VIOCSxs07 2247p 
=) aye (=| 6 Al VI (€3x308.560) 
Ela j Bile Al Vi 3<2nocu ee 
928.788 Rae T €3x3509.596) 
932.724 Al VIP (3x31. Sue) 


336.725 | Al VIMSzol2e2 
ey sills Eye 

1009.854 Gy lel 

1010.074 Eo 

1016 saa aed 
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TABLE I concluded 


on 


1036. 530 
1037 .020 
DDFS ee 
1076.866 
LIS 916 


A eibyes 7 0)0) 
Li 76aoed 
1214.960 
1247 . 368 
P32 SSG 


1334.520 
IDB) Ashe 
W548 95 
1550.768 
1560.687 


1605.776 
1611.849 
1670.810 
1719.430 
Waeaie Ts 


1724.981 
iol. lNS 
Geo 72 
i / peas 2 
1763.947 


7 G5e8i1 
1767.755 
1854.720 
Wsio)s) eras 
OS SSUSe 


159.990 
162.316 
1862.795 
ae) SiN ey 
930.938 


1 Slee au, 
il be J eo) 0) 


OH @ Cc) ©) 


GC 
C 
0 
GC 
GC 


IDENTIFICATION | 


II (€2x538%256) 
II (€2x538.433) 


ITI (4x303.740) 
‘glial 


oat 





and Aluminum electrodes. fhe lines are identified in Table I. 
Good resolution of the O II and O III groups at 834A was indicated. 
Al VII was the highest ionization state obtained. 

The vacuum spark was utilized to investigate the Tungsten 
spectrum. Since it was felt that the previous work in Aluminum 
WOuld provide good calibration points for the Tungsten spectrum, 
the spark source was used with Aluminum and Tungsten electrodes. 
Runs Were conducted under the same. conditions as previously stated. 
Figure l2 Be an eesure of the spectrum obtained with the 
lines identified in Table II. Most of the lines of this spectrum 
Were not found in the literature [3]. The least-square-curve- 
Fitting computer program was used for this spectrum with a total 
of 150 abscissa points (known lines of C, Al, O, and N), and 106 
unknowns. The average error between the original and computed 
abscissa values was found to be + Q.05A. It was reasonable to 
assume that the unidentified lines in the spectrum should also 
be ateurate to within = 0.058% 

The last column in Table II lists the elements that have a 
known line within = Q.3A of the unidentified wavelength shown. 
Those Unidentified lines with no element listed except Tungsten 
are assumed to be Tungsten lines. Several elements which have 
been studied extensively, and which have many lines, have never- 
theless been excluded from consideration. These include 61, Cu, 
Gl, F, Ho, Pd, Semenieecn.. 

The shortest wavelength identified in using the spark source 
was in the O IV group at 150A. Some lines did appear at shorter 


Wavelengths, but they were so faint that accurate identification 


a 


was impossible. It appears that the short wavelength end of the 
spectrum is limited by the grating (a platinum-coated grating has 
recently been obtained to improve intensities at short wavelengths). 
G.2 Plasma Spectrum 

The plasma system at the Naval Postgraduate School consists 
of a nine-foot long assembly of four-inch pyrex sections with 
access ports at 14-inch intervals. The continuous plasma source 
is a hollow cathode discharge operating in a reflex configuration 
at a cathode pressure of one micron. The longitudinal magnetic: 
Field is variable up to 10,000 gauss, and the discharge carries 
up to 200 amps at 140 volts. 

The sprectrograph was used to investioate the elements and 
stages of ignization in this plasma system. The spectrograph was 
set up to look across the line of plasma at a position midpoint 
down the stream, Exposure times of up to seven minutes were 
necessary with the discharge at 100 amps and 140 volts. Various 
magnetic fields were used, with the majority of runs being made 
at 1000 gauss. 

Figure 13 shows an exposure of the Helium plasma obtained 
from the system. These lines were used to calibrate the spectro- 
graph for use with an Argon plasma. Figure 14 shows the spectrum 
from the Argon plasma. fhe lines are identified in table III. 

The observation of O IV in the Argon plasma shows that there 
are electrons with energies of at least 77 volts, while the 
absence of O V shows there cannot be many with energies as high 
as 114 volts. The argon plasma also showed very few lines at 
the long wavelength end of the spectrum. This may be due to the 


blaze angle of the grating being used. 
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SPECTRUM OF TUNGSTEN AND ALUMINUM USING THE SPARK GAP SOURCE 
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TABLE II continued 
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INT IDENTIFICATION 
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Observations were made to investigate the effect of the 
Variation of the magnetic field on the Argon plasma. The magnetic 
Field was varied from 900 gauss to 2000 gauss. There was no 
apparent change in relative intensities. The only effect 
detectable on inspection of the line intensities was that the 
plasma beam varied with the magnetic field, as indicated by the 
length of the image spectral lines. These results were obvious 
upon looking at the film strips, but the contact prints made 
From these negatives do not show sufficient detail to be included 
in this report . IJhere was no evidence of any great changes in 
the relative amounts of ionization with the variations in the 
magnetic field. 

All of the lines listed in Table III as coming from Carbon, 
Oxygen, and Nitrogen are the result of accidental impurities. 
These Gcocur in the residual gas, and they may also arise from the 
plasma beam interacting with the electrodes or the glass walls 
of the discharge system. 
ae Conclusions and Recommendations 

The number of unidentified lines in the Tungsten spectrum 
point out the many gaps found in the literature concerning this 
spectra. In future work it is suggested that the plasma system 
be used to produce Tungsten spectra. Tungsten can be evaporated 
into the plasma system by Lowering Tungsten wires into the plasma 
beam. It was apparent that the electron energy available for 
excitation has a definite upper limit determined by the anode 
voltage. At an operating voltage of 140 volts, no spectra 


Tequiring an electron energy of 114 ev was observed. since the 
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1onization potential for W VI is only 61 volts, intermediate 
stages of ionization of the Tungsten spectra can be investigated. 
The use of Aluminum with the Tungsten electrode has obvious 
disadvantages. J/he many-line spectrum of Aluminum made identi- 
Fication of the film strip very time consuming. It is suggested 
that future work with Tungsten electrodes in the vacuum spark 
be done with an electrode other than Aluminum (the Oxygen spectrum 
which is usually present offers good calibration points). 
Although the curve-fitting computer program in conjunction 
with the grating equation program are sufficient to calibrate the 
spectrograph to an accuracy of + 0.05A, a bootstrap type program 
or a regenerating type computer program would be desirable for 
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RINGING FREQUENCY 
OF SPARK GAP AT 
5 KV 


FIGURE 3 





DIAGRAM OF VACUUM GRATING SPECTROGRAPH 
AT GRAZING INCIDENCE. G,GRATING;S, DISTANCE 
ON ROWLAND CIRCLE FROM CENTRAL IMAGE: 
a-2(f-W), @, RADIUS OF CURVATURE OF THE 
GRATING. 
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BLAZE ANGLE CONFIGURATIONS SHOWING 


CHANGE IN BLAZE WAVELENGTH FROM 
W-2% TO W+2QX% 
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APPENDIX= EE 

Least Square Curve Fitting with Orthognal Polynomials 

This computer program utilizes least squares curve Fitting 
using orthogonal polynomials, and computes the polyndmial of 
degree 4,(4=100), that best fits the data points. Upon completion 
of the fitting process, the program can evaluate the polynomial 
at the various abscissa points to obtain new ordinates. These 
ordinates may then be compared with the orginal ordinates to 
test the accuracy of the fit. 

The easily identified lines of a spectrum are classified 
as tO position and wavelength, and become the original abscissa 
and ordinate points for the program. The unknown lines are 
Classified as to position only and form the data points for the 
Fitting polynomial. The print-out includes the original abscissa 
and ordinates points, and the computed ordinate points. The 
unknown lines now have a computed wavelength corresponding to 
their position, and have an accuracy determined by the error 
between the original and computed ordinates points at positions 
Close by. 

The orginal abscissa and ordinate points are gradually — 
increased as more and more lines become identified. MSroad lines 
are omitted to improve the accuracy, and the computer print-oaut 
is continuely checked to determine the degree of polynomial 
that gives the best fit. 

By limiting the region of coverage to about 400A, errors 
can easily be determined and corrected. For example, the 
Tungsten spectrum was satisfactorily identified after 7 separate 
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